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(54) High capacity optical fiber network operating in the 1.4 urn region 



(57) A high-capacity optical f ber network [1 00, 200] 
includes wavelength-division multiplexing (WDM) within 
the 1.4 micron (^m) wavelength regfon (Ae., 1335-1435 
nm). Such a system includes optical fiber [130] whose 
peak loss in the 1.4 nm region is less than its loss at 
1310 nm. The optical fiber has a zero dispersion wave- 
length {Xq) at about 1310 nm. and linear dispersion 
between about 1 .5 and 8.0 psAim-km within the 1 .4 ^m 
region. At least three WDM channels operate at 1 0 Gb/s 
in the 1.4 pm wavelength region and have a channel 
separation of 100 GHz. In one illustrative embodiment 
of the invention, a broadcast television channel, having 



amplitude modulated vestigial sideband modulation, 
simultaneously operates In the 1.3 pm region (/le..' 
1285-1335 nm) and/or the 1.55 fxm region {i.e., 1500- 
1600 nm). In another embodiment of the invention. 16 
digital data channels are multiplexed together in the 
1.55 pm region, each channel operating at about 2 5 
Gb/s. Raman amplifiers [103. 113] are used for amplifi- 
cation in the 1.3 urn and the 1 .4 ^m wavelength regions 
whereas an Erbium amplifier [123] is used for airplifica- 
tion in the 1 .55 jim wavelength region. 
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Description 
Technical neld 

Backoround of the Invention 

[OOW] Dispersion is a phenomenon whereby different optical wavelengths travel at different soeeds 1hiT>iiah a rfic 
persn/e medra such as glass. And since a nKxlulated carrier signal conpris^many w"^^^ 
emerges from thedistam end ofaglassflberisasrnearedve^^ 

[0003] Conventional singlemode fiber systems primarily operate in the wavelength region between 1285 and Mv; 

r°. J!!!r",** '"^'"9 form of such nonlinear phenomena - 4-photon mi^SSl) s S^iS 

.n the Irtejature (see e.g. article by D. Marcuse. A- Chraplyvy and R. Ttach entitied: "E/S^^/ fZwoSSJ^ 
Long-D^tance Transw^sion.' Jour^l of Unhtw.»o T..hn.,»Ty ^ol. 9. No. 1. January 1991^ 12iM2ffl S^pm 

^emagnrtudeof4PM>spowerdependemandmayberedu^ 

[0004] Multi-channel optical systems provide the most efficient use of an optical fiber and include wavelennth^ivi 
sion multiplexers, which operate to combine an number of closely spaced chaSs (wavd^I r«2L^^!>I^f^ 
opti.^ path in onedirection of transmission, and to separate tiiem f'orttie oS S^oZ^^^^ 

iSt'^i;;rsir™s^^ 

[0005] Contemplated uses of optical ftoer include the transmission of all type of diaital and analoa inihm»«™. 

nals which typically utihre amplitude modulated, vestigial-sideband (AM-VSB) modulation. Sals arl^nhef 

21m «flS^. transmitted on a single fiber, stimulated Raman scattering (SRS) causes energy to be S^eJrS 
from me WDM signals into another wavelength region that is as much as 1 20 nm longer, fit the prSirt Z^TS. 
m J!lf P'°^''*® ^"^ «"^'°9 ^ ='9"^s over the same optical fiber " ^ ^'^ 

E Aua?r28^'^^'^r^L"*io^''f "^^ O- ^/beHn Electronic. 

Lenga August 28. 1 980 Vol. 16 No. 19. that a completely OH-free optical fiber, wfth no loss oeaks dup fo nu i»ncM 

any wavelengths in the loss spectmm from Ultraviolet to infrared, has Lnde^^^^^^^ 

T^HllT^""- ' '"^ ^y^^"^ article F^es iSS-SiS^ 



This application discloses such a system 
TERIVIiNOLOGY 
50 [0008] 
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SlS-SrSmtns ^^^^ 

e^veCwir^rirr^^*^*"^'''^^^ 

optical ampMiere. IS the dstance between stations at which the signal has been converted foffrom 
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il?!'!^^**' "Hi'!" expression for a particular range of wavelengths. The 1.3 micron (urn) wave- 

2 llf'"^. ^' «»«'«"9lhs between 1285 and liss nm; the 1.4 ^ 

Bdefined herein to include all wavelengths between 1500 and 1600 nm Mm wavelength region 

^ ■ e"9*-D'vision Multiplexing. Situation whereby nrujltlple communication channels, each having a dif- 
ferent central wavelength, are combined onto a single transmission path such ^ an optical fiber 

Summary of the InvenMr^g 

[GOTO] We have discovered that the above-described deficiencies of prior art systems can be overcome in an onti 
cal transmis^on system that is arranged to transmit multiple WDM channels in the TC^eTmiToton Su^^a 
system includes optical fiber having a suitably low loss at 1385 nm. a zero dispersion S^vST) JZ^TaiS 
nm and linear dfepersion between about 1 .5 and 8.0 psMm-km within the 1 .4 ^m wavSXSS^^islSSllSt 
cnt«a^ amount of dispersion significantly reduces the effect of four-photon miJng. In it7brS5 Sn« ftrS^' 
invention reflects a number of observaUons including: (i) four-photon mixing is a rderarj mectoSnS^JS ^ 

analog agnal transmission at 1 550 nm. and (iiO desirably, new WDM systems should be reverselaSS^^Z^ 
ratus used in conventional singlemodefBaer systems. wersecompanaewitnappa- 
T ^^P^ P^^ent invention that by positioning WDM channels in the 1.4 urn wavelenoth 
Xte?rn^Sr°""""'^ """'^^ 

[0011] ft is another advantage of the present invention that by positioning WDM channels In the 1 4 ..m 
rejonwheredi^onislessthanabout8psMm.tan.dispeZ^ 

optM^ transmissions systems where distances are shorter than about 200 kilometers metropolitan 
iS • advantage of the present invention that by positioning WDM channels in the 1 4 um wave- 

LMo"'ltS^ 

reton "^"^^ "^"^ ^ ^ "^^^ operating in Zl ^ 

Brief Descri ption of the Drawing 

CSh regi^r speeds of up to 10 Gbfe each, and an analog CAW channel in the 

sjch^s^r^tSb^eS^rz^^ 

i^^nJon:* ""^ ^ ""^"""^^^ the optical fiber used in the present 

FIG. 5 generally illustrates the fabrication of a core rod by the vapor axial deposition process- 



3 



55 



EP 1 030 473 A2 

Detailed Descrlp^ lnn 

10015] na 1 discloses a high-capacity optical fiber network 100 in accordance with the present invention Of sia- 
nrf'cance IS the fact that a plurality of wavelength^livision multiplexed (WDM) channels are operating in the'l 4 
5 wavelengthreg.on(/.e.. 1335-1435nm). Additionally. theWDMchannelssharethesameopticaJfiberwSianal^^^ 
signals Qperabng in the 1 3 m wavelength region {/.a. 1285-1335 nm) and other WDM channels operating in the 1 55 
Mm wavelength region ^.e.. 1500-1600 nm). Illustratively, four high speed data channels having Lrier wavelengttis 
P^. h2. h3' Xu) are shown, each carrier being modulated in transmitters 1 1 1 ata data rate of 10 gigabits per second 
Such channels are effective for transmitting a substantial amount of digital information including telephony data 

100 gigahertz (GHz). And while four channels are shown, a greater or lesser number may be used. Additionally cf«n- 
nel spaang may be greater or lesser than 100 GHz as detemiined by the network designer based on considSations 
such as ampWier bandwidth as well as the availability and/or cost of associated apparatus such as multiplexers a^ 

« SIS T '«=^'^«='"P'^^^»««t»he10GbterateandmodulatesacoherertlightZ.?rS^ 
15 nommalwavelength. X,,. is about 1400 nm. -Hie optical signals are then fed into an optical multiplexer 112 whoseS 

each one having a different wavelength, onto a single output port 110 
S«r.h1'?'^'!!?l!;!f?*^"**'^"^ channels are shown in the 1.55 pm wavelength region, each channel comprising 

n«bonmdud>ngtelephony.dateandvidea These.channels are clustered around 1550 nm and have a ciriw spacing 
20 of 100 GHz. which corresponds to 0.8 nm at 1550 nm. And while sixteen channels are shown, a greater or iS 
Z^J^ K "'5 "«y be fl-eater or lesser than 1 00 GHz as detenSined by theTe" 

wo* daignerbased on considerations such as amplifier bandwidth as well as the availability and/or cost of associated 
apparabs such as multiplexers and demultiplexers. The optical signals from transmitters 121 are fed into optical muW- 
2s ^^®2Vo °^®'«*« to combine a plurality of Inputs, each one having a different wavelength, onto a single output 

?^ multiplexing and demultiplexing is frequently accomplished via a pair of star couplers that are inter- 
Mnnectedby an optwal grating (/.e.. a number 

T^^^^S^^^J^T^TT^ fixed amount). Examples of such devices are shown in US Patent Nos. 5.002,350 and 
^ f 'SI 7^ !!* . C ''"® °* ^^a^s-^'ssion. the multiplexer can be used as a multiplexer wherein 

^P "'^^' J =«P^^^^«"d distinct wavelengm^ . . . Xi„) are launched into different input ports of oneTr 

coupler and emerge on a single output port of the ottier star coupler. In the other direction of optiral transmission tf,e 
muftptexer functior» as a demultiplexer wherein a plurality of different wavelengths are launched into a single port of 

^ ^"^^ °" P""* °* ««»'^'"g to their particular wavelengths 

SJ, u inn f '^^^'^ *® transmitters (101. 111. 121) and the receivers (105. 115. 125) in 

S^^l * "^^ ^^J^^^f^^ry to amplify ttie optical signals. Optical amplifiera are preferable to regelieratU 
Jli^f^ "^'^^ "^"9 to convert them into an electrical signals fo7electronic 

anphtotion and then ba* to optical signals. Preferably. Raman amplifiera 103. 113 are used in le 1 .3 and 1.4 Mm 

r^^rX /if^T !?'^ ^^'^'^'^ tiie 1.55 Mm region. Nevertheless. Raman amplifiers on 

^ , ^^Jc!^ wavelengths within network 100. Raman anplifiers have a useable bandwidUi of 25-30 nm (see 
IS. '!? """^ for use in tiie present invention. Moreover. Raman 

anplrf|ers can be arranged in a parallel configuration for increased bandwidtti. Indeed, considerable effort has been 
S ^^J^ multi-stage, very broadband optical amplifiers. A paper by M. V&mada et al. in vol. 33 No 8 

fSTJT ^^'^ ^^"^ representative. It is understood that semiconductor optica! 

anphfters rnay ato be used in ttie presert inv^^^^ 

u- u ^"^'"'"fl optical signals in three different wavelength regions is accomplished by a coarse WDM (CWDM) 

ti^^^^t !; -^r.^ "^"^ •'^ '-^ ^- and 1.55 Mm regions onto a single 

opbcalfiber 130. Mach-Zehnder interferometers are well known and suitable for use in constructing CWDM 131 Optical 
ftb^13(^compns« a singlemode optical fiber whose 1^ in FIG. 3. More will 

be said l^er regarding the construction and characteristics of optical fiber 130, which extends over a length L wittiout 
regeneration or dispersion compensatiwi. 

[0020] Because most optical devices are bilateral, and because ttie network 100 shown in FIG. i is substantially 
syrnmetiical, one canreadily deduce ttie operation of the right-half portion. For example, CWDM 1 32 is a coarse WDM 
that directe wavelengttis in ttie 1.3 Mm region toward receiver 105. wavelengttis in ttie 1.4 Mm region toward demulti- 
plexer 1 14 and wavelengttis in ttie 1 .55 Mm region toward demultiplexer 124. Similarly, demultiplexer 1 14 directs optical 
signate that are present on its input port 140 to a particular output port according to wavelength. This is to say ttiat tfie 
10 GWs channel having carrier wavelength X, , is routed to one output port while anottier 1 0 Gb/s channel having carrier 
wavelengttix,2 is routed to another output port. In turn, each of ttie 10 Gb/s channels are delivered to receivers 115 for 
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'l^T^^TrHfr^T'^Z T "^^^ ''■^'^'"S- "^^ P«^°" ' ''eals With transmission in 

the 1 55 Mm region where 16 channels of information are transmitted from ttansmitteis 121 to receivers 125 lntt,fe 

to the abovBHl^ed mufttpiexer 112 and demultiplexer 114. lllustiBtively, transmWers 121 and re.3S8; il^Z 
5 commun,cat.ng digital information at a 2.5 Gb/s rate. The design of the transmitters (101. 11 1^721722^ 

^ieilntrri^tl^^or"'^^^^^ 

SSL Ji!^!i^"TJlr^^^ ^" °^ "P'''^^' within network 100 may be as long as 200 kfl- 

TT ".^"^ compensation at brt rates of 10 Ghfe. This is possible because the dfeoSion 

A T' ^ ''f^T^ embodiment of a high-capacity optical fiber network 200 including WDM channels 

in the 1.4 urn wavelength region operating at speeds of up to 10 Gbfe each, and an analog CATV channe^in ft^TS 

™nrt^.En > "^'"^ modulated vestigial sideband (AM-VSB) modulation. AM-VSBaraS 

modulation is no.se-sens.tive .n that the TV picture suffeis degradation when furious signals are addS FIG^? 

^ '""r' "^"^ 2ong with S«a wl^e the W 

S T 1550nm)lorwidedislributionfLaSuperHidE;r 
(0023J If one fransmrts multiple wavelengths on a single optical fiber, there are several nonlinear mechanisms that 

r?^^«^^ ?f ^ *° wavelengths. The following discussion is taken from pp. 239-248 of ttwte^ 
Optical Fiber Tplecominiin.rj.tinne ...a ^i>^ ky Knminmdr nnd Ifjch oa-^woimetexi. 

S * nonlinear parametric interaction between light and molecular vibra- 

tions, bght laundied m an optical fiberis partially scattered and downshifted in frequency. The change inoti^fr^ 

^SL-n fh! R ? ^ teckward direction. The Raman gain coefficient is about three orders <rf magnikjde 
sma«er Jan the Bnllou.n gain coefficient, so in a single^ihannel system the SRS threshold is about threeTiSJTcrf 
magn ude larger Jan «ie SBS threshold. However the gain bandwidth for SRS. on the o«ler J^Hz^^ 120 nm t 
much larger than that tor BBS. Thi^ SRS can couple different channels in a WDM system and give rfee to c oiSk 
Esvs.rZ-r "n"'"' '^^"'^ sa." in fu^ed silica fLr. So SR^ 'Ji a 

TZt^Z' ^S^^alsat longer wavelengths are amplified by shorter-wavelength signals, which leads to degr^fon 

blt?;inrat2h?Hi'""'"^ 

nKlIZT;,!^- ^20 nm. H there are many wavelengths carryingT 

renemvtra^if.?thnr ''t""^ transmission systems, they can all cuiSlatively coJ^S- 

m^L^^ ?^ up to 120 nm longer. For an AM-VSB signal propagating infte 

1.55jim region, as indicated in FIG. 2. this means that any signal on a wavelength between 1 430 m^ m^So n^Z 
transfer energy into the AM-VSB signal and degrade it. So. on one hand. broSst TV^gnS^Jlw be^teSl^ 

Shi -h^ ^^"^ I'near dispersion (303) and transmisston loss (301) characteristics 5 an opti- 

calftoer which is suitable for use in the present invention. Loss in the wavelength regio,^ shown is primarHraJ itaSe 
to R^eigh scattering and hydroxyl ion (OH) absorpflon. Rayleigh scattering ifa basic S^ml^^t^rZ^m 
densrty and compositional variations within the f ber material. Rayleigh scattering is profSr^SJ^A^^^f is Je 

Z "k "^^"^""^ ^ ^ ^ °" ^ P^«««« tl^e glass. Such loi ariS^ 

^ ^! * ^ ^^^'y to tong-distance optical transmissiS. 

(j.e more than 10 kilometers) because of losses attributable to energy absorption by OH ions. SuSi loss festo^^ 
FIG.3aswaterpeak302 whichisassoaatedwithcom^^^^ 

orhSl'^f^l?''!'!^"!^' * tor an optical fiber, which is suitable for use in the pT^eS^S 

n^^rpji^nly'^""''^''^^ 
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ILLUSTRATIVE RBER SPECIRCATION TABLE 




Maxtmiim Aft nuaHnn* 






1310 nm 


U.3O-040 do/Km 




1385 nm 


u.oi aD/rarn 


10 


1550 nm 


A J\ OC -"^ " — 




Mode field diameter: 






1310 nm 


Q *k-4-f\ iim 
JilTl 


IS 


1550 nm 


iu.ot 1 .V ^m 




Core/Clad eccentridtv 


<0.6 fim 




Cldddinn rlinirmtar 
wtauuiii|| UloillBier 


125 ±1 .0 pm 




Cutoff waveler^h 


<1260 nm 


20 


Zero-Dispersion Wavelength 


1300-1322 nm 




Dispersion 


> 0.8 ps/nm-km (1335-1435 nm) 




Dispersion slope 


<0.092 ps/nnf-km (maximum) 


2S 


Macrobending 


<0.5 dB at 1550 nm (1 turn, 32 mm) 




IMacrobending 


<0.05dB at 1550 nm (100 turns, 75 mm) 




Coating diameter 


245 ±10 Jim 


30 


Proof test 


lOOkpsi 
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mS«,=» iUlf « ^^"l- "'"'^^ *^ " *e 1 .4 urn wavelength region. By "low loss" is 

fiber. The technique for malang such fiber Is briefly set forth below. 

SS^tonT'S 1"^^* ? general overview of a technique for fabricating an optical fiber having low loss at 1385 nm 
These steps have individual numerals (41 -48). The first three steps (numerals 41 -43) relate to the labrSon <J a cTe 

IS labncated by a Vapor A»al Deposition (VAD) process per step numeral 41 as discussed below: 

Core Rod Fabrication 

ms] Reference is made to FIQ. 5 for a discussion of the VAD process in which glass particles or "soot" are deoos- 

t'S°0f"L''Sl^'^,'?H°%V?^ 

JSif ll olZ? f f*"^ ^L" " '^'^ '^"^^ '^9'°" 0' ^^fraction is higher^ 

fi ?l !f " ^ ^"^^ "8** the center of an optical fiber. To create a region having a rS 

GeCU and S1CI4) such that the torch projects vaporized raw material within a fine toward the center of the qiass ral 
The f»«causesje raw material to readso as todeposit glass partdes(soot)o^^^ 

£ ^1 .'^'^ """3 "^^ '""^^ ^"^ circumference. Another torch 502 is used to^posit a JeToTglai 

8104. for ©ample. H is thus noted that gemianium doping of the core 51 is one way to create a core having a hioher 

orine doping of the deposrted cladding will create a cladding with a lower index of refraction than the core In tWs sZ- 

dflerent fiber fabrication processes are contained in Chapter 4 of the textbook Ootlcal Fib/Tp..r.nmn..n4 ,nn; "f 
Academic Press. Inc.. © 1988 AT&T and Bell Communications Research. Inc. i n particular, seclion 4.47^169 
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15 



180) deals with the VAD process. 

dMun^er d the Mre (of). And because core rod fabrication is an expensive process, any time saved in making the core 

fJ*^^ °* **«P°s» 'he core rod is proportional 

to (D/d) . But as D/d for the core rod becomes smaller, the need for purity in the overdadding tube becornWgreater 
By decreasing D/d more optical power in the fiber travels in the overdadding tube, and impurities such as OH ions 
cause additional absorption loss. This is because OH ions are mobile and will migrate toward the core, particularly dur- 

OH iteeB and can alM drffuse into the fiber core during fiber draw. Subsequent reaction between the hydrogen and 
atomic defects in the fiber core will cause OH ions to form thera Core rods having deposited dadding/core i^os that 
are less than 2.0 require overdadding tubes having unusually low OH content, whid, is not cost effective at the presert 
tone. Accordingly, a commerdany practical range for deposited dadding/core ratios has been determined to be 2 0 < 
ly/o < 7.9 at present. 

S^^iLn 21? T^^"*^ * dehydrated by placing it in a dilorine- or fluorine- 

containing atmosphere at a temperature of about 1200»C. At this stage, the core rod is a porous soot body and ditorir^ 

SSiiSltTS!; ^^^T^^ *® °* ^ ^ '^^"^ ^» with chlorine ions, thereby 

rate and the dehydration temperature. 

10032] Step numeral 43 in FIG. 4 indlcates.that the core rod is consolidated by placing it in a helium atmosohere at 

thLTrtf ""1"* «*ep in whidi the porous soi rod isU,enedroSe;a» 

hjisfreefrompartdebc^^ 

U.S. Patent 3.933.454. which issued on January 20. 1976. M>wnea m 

tordi This IS the most cost-effectwe manner of supplying the large amount of heat needed for this stea Atternativily 
TeL l^n'L'lf,'^ """^ a ivdrogen-free plasma torch, as discussed below, and advantageous^ eWnates the 

ft^^of reasonable SKe. and are usually stretdied to decrease their di^^^ 

S^iS^iT t"^^. ^ the art. The core rod is mounted between the headstod< 

and tailstodf of the lathe tor cpioint rotation therewHh. As the core rod rotates, a torch moves below it along its central 
^Tr^^a^'^ Simultaneous with the movement of the torch, the tail8tod< rnoves a^ 

vJHe Je use of hydrogen is commercially practical, it creates a layer of OH on the surface of the core md Core rod 
35 MOTh S f9^ *e art and specific details are disdosed. for example, in US. Pat. 4.578.101 that issued on 
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Core Rod Ftrhinp 

A K ^j"^^ ^ *e elongated core rod is etdied. preferably with a hydiogen-free plasma 

tordi. A bnef discuKion of the plasma etching process is given below, although it is undei^ that other etching tedi- 
niques may be employed to effectively remove OH ions from the rod s surfaca These other etching tediniques iiKlude 
but are not limited to. medianical grinding and diemical etching. itscnniquBs inauoe. 

K o «i^ '^"^ plasma can be used for rapidly removing (etdiing) silica and silicate glass from the outer sur- 
face of a glass rod (see. e.g.. U.S. Pat 5.000.771). With an isothermal plasma torch, the predominant medianism for 
^n^nl'r '^"^ " ^ *e high plasma temperature, which can typically attain levels greater than 

9000 C in Je plasma center. Contad of the eledricalV condudive fireball with the refradory dielectric surface etfi- 
mrtSS^r^'^ *° ^"^ temperature above the vaporization point of the dieledric 

«^ '^""^ through the use of larger overdadding tubes. Preferably, the tube comprises 
^Slt" ^ l^'JT ^'S*" P""^' '"^ attenuation, and high tensile strength. The purity of the oveVdad- 

d ng tube wil determine just how dose to the core it can be placed. Step numeral 46 indicates that the core rod is over- 
S t ^ to say that as the value of D/d becomes smaller, the 

puntyof the tube needs to be higher (/.e.. its OH content needstobe lower). For example, the following table illustrates 
vanous OH concentration levels in the overdadding tube that are suitably low for use in the present invention- 
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D/d 


OH Concentration 


7.5 


<200|^ 


5.2 


<1.0 ppm 


4.4 


<0.5 ppm 



75 
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Claims 

1. A wavelength<llvision-multiplaxing system [100. 200] induding: 
CHARACTERIZED IN THAT 

JSvSnl fa'ri. 8 0 ci^^ Sn'^fn T/''* « <««Pen*)n of 

oeween i .5 and 8.0 ps/nm-km in the 1 .4 nm wavelength regton; and =p <««i « 

7lT™!Jl'^r"*!"" * ^ ^^"^'^ °* wavelengtMivision multiplexed signals in the 

1.4 urn wavelength region onto the transmission path. apiawa signals in tne 

2. The WDM system [100. 200] of claim 1 further including a plurality of transmittets ri 1 1 1 1 1 . 
[115-1 115-4]. 

7. The WDM system [100] of daim 6 wherein the modulation scheme of said channel in thoi"* ™„= 1 • 
comprises amplitude modulated, vestigial sideband (AM-vSSSm ^ ^ »^ 'es"" 

J'iZSSergtl^egio?"'"""'^^ 
9. ^eWDMsystem[100.200]ofcla.m8whereinthemodulationschemeofsaidchannd^ 
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region comprises amplitude modulated, vestigial sideband (AM-VSB) modulation. 



' °" S!^ °* "^"^ ® '"^^ « ^^"^ "^WP'e^'er II 22] that operatively Interconnects a nlu 

ralrty of d.grtal,nibm«f,on Channels orto the transmission path in the 1.M Mm wavel^^^ 
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(54) High capacity optical fiber network operating in the 1 .4 urn region 



(57) • A high-capacity optical fiber network [1 00, 200J 
Includes wavelength-division multiplexing (WDM) within 
the 1.4 micron {\im) wavelength region {i.e., 1335-1435 
nm). Such a system includes optical fiber [130] whose 
peak loss in the 1.4 jim region is less than Its loss, at 
1310 nm. The optical fiber has a zero dispersion wave- 
length (Ao) at about 1310 nm, and linear dispersion 
between about 1 .5 and 8.0 ps/nm-km within the 1.4 ^rni 
region. At least three WDM channels operate at 1 0 Gb/s 
in the 1.4 \im wavelength region and have a channel 
separation of 100 GHz. In one illustrative embodiment 
of the invention, a broadcast television channel, having 
amplitude modulated vestigial sideband modulation, 
simultaneously operates in the 1.3 \im region (/.e., 
1285-1335 nm) and/orthe 1.55 |Am region (/.e„ 1500- 
1600 nm). In another embodiment of the invention, 16 
digital data channels are multiplexed together in the 
1 .55 ^m region, each channel operating at about 2.5 
Gb/s. Raman amplifiers [1 03, 1 1 3] are used for amplifi- 
cation in the 1 .3 \im and the 1 .4 nm wavelength regions, 
whereas an Erbium amplifier [123] is used for amplifica- 
tion in the 1.55 ^im wavelength region. 
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